The treatment of lead-containing cathode-ray tube (CRT) glass is an important environmental issue. One approach is the removal of lead by chloride volatilization. In the present work, the reaction of CRT glass with PVC as the chlorinating agent and Ca(OH) 2 as the chlorine absorber was investigated by thermogravimetric analysis (TGA) in air. Seven reaction steps occurring at different temperatures were identified as dehydrochlorination of PVC/HCl absorption, CO 2 absorption, Ca(OH) 2 dehydration, PVC derived char oxidation, PbCl 2 formation and volatilization, CaCO 3 decarbonation, and CaCl 2 volatilization. Kinetic analysis of the PbCl 2 volatilization showed that the reaction of CRT glass during TGA resembles that of amorphous PbSiO 4 , while the reaction in the tube reactor was similar to that of crystalline PbSiO 4 . Crystallization accelerates PbCl 2 volatilization, and it might be advantageous for lead removal to crystallize the glass deliberately before or during treatment in order to reduce processing time and increase efficiency.
Introduction
For decades, cathode-ray tubes (CRT) were an essential component of television sets and affected the appearance of living rooms globally. The desire for flat screens has resulted in the rapid disposal of old CRT televisions. About 20 million CRTs are disposed of each year in the USA alone and are either recycled into new CRT glass or other secondary materials [1] . Now that CRT technology is obsolete, however, other treatment methods must be found. Landfilling is not recommended, since these highly leaded materials pose an environmental threat. Moreover, even if lead usage is questionable as a result of its toxicological properties, lead is still of economic interest, and lead mining causes serious environmental problems [2, 3] . For this purpose, lead recovery may help to reduce environmental burden.
Among the methods used for lead removal [4] [5] [6] , the volatilization of lead chloride (PbCl 2 ) recently showed promising results [7] [8] [9] . By the addition of a chlorination agent (i.e., CaCl 2 , NaCl, poly(vinyl chloride) (PVC)), lead is separated from the glass matrix as PbCl 2 . The boiling point of 950˝C allows the volatilization of PbCl 2 within an acceptable temperature range. Up to 99.8% of the lead can be separated from the glass at 1000˝C.
The volatilization of PbCl 2 is of interest in various fields. Previously, it was observed as an unwanted effect during the incineration of sewage sludge [10] , municipal waste [11, 12] , and plastic materials [13, 14] . Lead present in the waste is volatilized in the presence of chlorine sources and released into the environment, if not recovered as fly ash. However, the same effect can be used for detoxification of heavy-metal contaminated materials such as contaminated soil [15] , and ashes 112 from the incineration of sewage sludge [16] and municipal waste [17] [18] [19] [20] [21] . It has also been used for the separation of lead from galena ore [22] , iron in electric arc furnace dust [23, 24] , and from cement during cement sintering [25] . All of these examples show not only the environmental significance, but also the economic impact that this process implies.
Various works were carried out to investigate the mechanism of lead volatilization. It was shown that moisture [26, 27] and oxygen [28] [29] [30] in the atmosphere reduced the volatility of lead because of the transformation of PbCl 2 into PbO. Yu et al. [27] developed a pore diffusion model for the vaporization of heavy metals from porous ash particles. Haiying et al. [31] and Wang et al. [32] identified the different steps that occur in fly ash during the volatilization of heavy metals by differential thermal analysis (DTA) and thermogravimetric analysis (TGA). Kinetic data sets were obtained from different materials, with lead volatilization values between 133 and 175 kJ¨mol´1 [18, 24, 33] . However, none of these results can be applied to a glassy material like CRT glass, with its smooth surface and low melting point.
Previously, we investigated the removal of lead from CRT glass using CaCl 2 and NaCl [8] and the combination of PVC and Ca(OH) 2 [9] . This time, we want to shed light on the reactions that result in lead volatilization and compare them with those observed in crystalline and amorphous PbSiO 3 .
Experimental Section

Materials
The CRT funnel glass used in this work was described previously [9] . The PbO and SiO 2 contents were 27.9 and 54.4 wt%, respectively, corresponding to a molar SiO 2 /PbO ratio of 7.24. The remainder consisted mainly of K 2 O, CaO, MgO, and Al 2 O 3 . The material was ground and sieved, and the fraction with a particle size below 106 µm was used. The sample did not contain any chloride. Therefore, PVC, with a polymerization degree of 1000˘40 and a chlorine content of 57 wt%, and CaCl 2 , both derived from Kanto Chemicals, were used as chlorine sources. All other chemicals were purchased from Kanto Chemicals as well. Except PVC, the chemicals used for TGA were dried before use under vacuum at 80˝C.
Amorphous PbSiO 3 was prepared by annealing 10 g of PbO with 2.692 g of SiO 2 for 3 h at 800˝C in a muffle furnace. For the preparation of crystalline PbSiO 3 , the same amount was annealed for 17 h at 720˝C [34] . The composition derived from inductive-coupled-plasma atom emission spectroscopy (ICP-AES) (Seiko SPS7800, Tokyo, Japan) is presented in Table S1 , and the X-ray diffraction (XRD) (Rigaku RINT 200 VHF, Tokyo, Japan) spectra are presented in Figure S1 in the supplementary material.
Thermogravimetric Analysis
TGA was performed using a Seiko Instrument TG/DTA6200. For the analysis of the reaction pathway, a 10 mg sample consisting of 28.9 wt% CRT glass, 32.5 wt% PVC, and 38.6 wt% Ca(OH) 2 (molar Cl/Pb ratio: 14.4, molar Ca/Cl ratio: 1.0) placed in a Pt-crucible was heated at a constant rate of 4˝C¨min´1 from 50 to 1000˝C in artificial air at a flow rate of 150 mL¨min´1. For comparison, the TGA of PVC, Ca(OH) 2 , CaCO 3 , CaCl 2 , PbO, and PbCl 2 were recorded under the same conditions.
For the isothermal runs, the same sample and conditions were used. Additionally, experiments were performed in which CRT glass was replaced by PbSiO 3 , either crystalline or amorphous. Isothermal runs were conducted between 580 and 640˝C. The sample was heated from ambient temperature at a rate of 50˝C¨min´1 to a temperature 20˝C below the desired temperature. Then, the heating rate was reduced to 10˝C¨min´1 to avoid overheating of the sample. The CRT glass was heated to the desired temperature at a rate of 4˝C¨min´1 in order to prevent reactions related to the degradation of PVC and Ca(OH) 2 from interfering with the lead volatilization.
Tube Reactor Experiments
Experiments in the tube reactor were carried out as previously described [9] . Samples of the same composition mentioned above were treated at 600, 700, 800, 900, and 1000˝C using an alumina boat in a quartz glass tube reactor. The lead content was determined by ICP-AES after dissolving the residue in a mixture of conc. nitric acid, fluoric acid (46 wt% HF in water), and H 2 O 2 [8] .
Kinetic Investigation
The activation energy (E A ) and the pre-exponential factor (A) were derived from the Arrhenius equation:
with R being the gas constant (8.3144 J mol´1¨K´1). The rate constant (k) at a given temperature (T) was derived from:
The time (t) was plotted against the function g(X), where X is the conversion, and k was obtained as the slope. The correlation coefficients derived from Equation (2) were used to decide the reaction model. The function g(X) for common reaction models was taken from Grause et al.
[35] (see Table S2 ). A selection of reaction models mentioned later in the text is given in Table S2 .
Results and Discussion
The purpose of this work was to investigate the reaction mechanism of lead volatilization in the presence of PVC and Ca(OH) 2 . At first, each step of the process was identified using TGA. After that, the kinetics of lead volatilization was examined by isothermal experiments using TGA and a quartz glass tube reactor.
Identification of Reaction Steps
In order to identify the different processes that might occur during the reaction of CRT glass with Ca(OH) 2 and PVC, the weight loss of the sample mixture was determined using TGA and was compared with those of pure compounds ( Figure 1 ). In accordance with the dispersity of the sample, various weight loss steps were observed. Since only reactions that result in weight loss were detected, those that do not influence the sample weight, such as the reaction between CaCl 2 and PbO, were not directly observed.
The reduction of the sample mass began with the evolution of HCl by the dehydrochlorination of PVC. The derivative thermogravimetric (DTG) curves of the CRT glass sample and the pure PVC sample show peaked at 277 and 267˝C, respectively. A weight loss of 12.5 wt% was observed for the CRT glass sample. The absorption of HCl by Ca(OH) 2 resulted in the loss of water:
Between 435 and 479˝C, the sample weight rose by 0.8 wt% by the uptake of oxygen from the artificial air atmosphere. This behavior was not observed during the degradation of any other reference sample, suggesting that a combination of several compounds was involved. Around the same temperature that the weight of the CRT sample increased, the pure PVC sample showed a peak (DTG maximum: 434˝C) assigned to the combustion of hydrocarbons derived from the degraded PVC polyene backbone (CH) [36] .
In the case of the CRT sample, Ca(OH) 2 acted as an absorber for CO 2 from the reaction of PVC with oxygen, and, as a result, the fixed oxygen increased the weight of the sample:
Simultaneous with the CO 2 uptake, the dehydration of Ca(OH) 2 occurred:
From the DTG of Ca(OH) 2 , a peak maximum at 450˝C was observed. The simultaneous CO 2 uptake caused the peak in the CRT sample to shift to 492˝C. Between 520 and 590˝C, the subsequent oxidation of the dehydrochlorinated PVC occurred with DTG peaks for the CRT and the PVC samples at 556 and 523˝C, respectively. Additionally, in this region, CO 2 absorption might have occurred:
CaO`CO 2 Ñ CaCO 3 (7) Recycling 2016, 1, 111-119 113
Ca(OH)2 → CaO + H2O (6) From the DTG of Ca(OH)2, a peak maximum at 450 °C was observed. The simultaneous CO2 uptake caused the peak in the CRT sample to shift to 492 °C. Between 520 and 590 °C, the subsequent oxidation of the dehydrochlorinated PVC occurred with DTG peaks for the CRT and the PVC samples at 556 and 523 °C, respectively. Additionally, in this region, CO2 absorption might have occurred:
CaO + CO2 → CaCO3 (7) Between 590 and 670 °C, the reaction of CaCl2 with lead glass and the subsequent volatilization of PbCl2 occurred: Between 590 and 670˝C, the reaction of CaCl 2 with lead glass and the subsequent volatilization of PbCl 2 occurred:
The region was marked by a sharp peak and a shoulder at the high temperature side. The sharp peak indicated the volatilization of PbCl 2 that was already formed by reaction Equation (6) at lower temperatures. Since the volatilization of pure PbCl 2 started at about 550˝C (5 wt% weight loss), it can be assumed that the vapor pressure was sufficiently high for the vaporization of PbCl 2 from the CRT sample. The shoulder indicated that the formation of PbCl 2 continued until the end of this temperature region, with the steady release of PbCl 2 into the gas phase. The volatilization of PbCl 2 followed the decarbonation of CaCO 3 at a DTG peak temperature of 704˝C compared with 731˝C of pure CaCO 3 . The last step of weight loss in the investigated temperature range was caused by the volatilization of CaCl 2 . The volatilization of PbO occurred in the same temperature range as that of CaCl 2 . However, because of the high absorption ratio of chloride by Ca(OH) 2 , it can be assumed that most of the lead evaporated earlier as PbCl 2 , since the evolution of PbO seems to be negligible.
TGA Mass Balance
From the processes introduced above, we attempted to develop a mass balance (Figure 2 ). During the first degradation step, PVC released HCl, which was partly absorbed by Ca(OH) 2 , and, as a result, H 2 O was released instead. The calculations show that the complete absorption of the HCl would not have left enough Ca(OH) 2 to explain the dehydration in step (C). Therefore, the best correlation with the experimental results were achieved with the assumption that 96% of the chlorine was released from PVC and 64% of the resulting HCl was absorbed by Ca(OH) 2 .
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From the processes introduced above, we attempted to develop a mass balance (Figure 2 ). During the first degradation step, PVC released HCl, which was partly absorbed by Ca(OH)2, and, as a result, H2O was released instead. The calculations show that the complete absorption of the HCl would not have left enough Ca(OH)2 to explain the dehydration in step (C). Therefore, the best correlation with the experimental results were achieved with the assumption that 96% of the chlorine was released from PVC and 64% of the resulting HCl was absorbed by Ca(OH)2. Mass balance of the lead volatilization. The black arrows describe weight loss, the gray arrows describe mass transfer from one sample fraction to another, and the red arrows describe the rising weight. The numbers next to the arrows refer to weight changes and the numbers between the arrows refer to the actual weight in wt%.
Step (B) included the partial combustion of PVC. The resulting CO2 had to be completely absorbed by Ca(OH)2 in order to provide the necessary increase in weight. Weight loss by Figure 2 . Mass balance of the lead volatilization. The black arrows describe weight loss, the gray arrows describe mass transfer from one sample fraction to another, and the red arrows describe the rising weight. The numbers next to the arrows refer to weight changes and the numbers between the arrows refer to the actual weight in wt%.
Step (B) included the partial combustion of PVC. The resulting CO 2 had to be completely absorbed by Ca(OH) 2 in order to provide the necessary increase in weight. Weight loss by hydrocarbons and free CO 2 must have been compensated by the additional absorption of CO 2 . The result otherwise would have been a lack of Ca(OH) 2 and an insufficient amount of water during dehydration. The remaining Ca(OH) 2 was completely dehydrated during step (C).
Step (D) included the combustion of the remaining dehydrochlorinated PVC. It is assumed that the residual chlorine was absorbed by CaO, resulting, together with the HCl absorption in step (A), in a total HCl absorption of 68%. About 17% of the carbon released during this step had to be absorbed as CO 2 in order to obtain the CaCO 3 required for the decarbonation in step (F). The weight loss observed in step (D) is insufficient to account for the complete degradation of PVC. About 1.2 wt% of the initial sample weight remained as dehydrochlorinated PVC or char.
Step (E) comprises the evolution of PbCl 2 . The chloride required for this step was provided by CaCl 2 , which was converted to CaO. The weight loss in this step is insufficient to account for the complete removal of lead as PbCl 2 , and 1.8 wt% remained in the sample as PbO. The complete decarbonation of CaCO 3 was achieved in step (F), and a substantial loss of CaCl 2 was observed in step (G). Alternatively, the remaining lead and dehydrochlorinated PVC might have been volatilized in this step.
The residue consisted mainly of calcium compounds and compounds that were barely altered during this thermal process (others: 19.7%). Some carbon and lead might have remained as well, although this was not observed in previous experiments and might have been the result of the assumptions made during the calculation. Carbon might have been burnt completely in air during a later degradation step. Lead chloride might have been volatilized at higher temperatures as well. Alternatively, the reduction of lead might have occurred in the presence of carbon sources:
PbO`C Ñ Pb CO (9) However, this scenario is unlikely to have occurred in an air atmosphere. What is more likely is the volatilization of carbon and PbCl 2 at the expense of CaCl 2 .
Kinetic Parameters
Kinetic parameters were determined by TGA for CRT glass mixed with Ca(OH) 2 and PVC and for crystalline and amorphous PbSiO 3 , both mixed with CaCl 2 . The results were compared with those from CRT glass mixed with Ca(OH) 2 and PVC obtained in a quartz glass tube reactor, taking into account the impact of the sample size of this inhomogeneous material ( Table 1) . As discussed above, certain reactions occurred within a defined temperature range in the sample mixture. For this reason, experiments were carried out in isothermal mode. The sample consisting of CRT glass, Ca(OH) 2 , and PVC was heated to the desired temperature at a low rate of 4˝C¨min´1 in order to remove volatile compounds that could interfere with the volatilization of PbCl 2 . The upper temperature limit was defined by the decarbonation of CaCO 3 . Despite the slow heating rate, the TGA curve of the CRT glass sample shows an irregular behavior caused by the inhomogeneity of the sample (Figure 3a) . The sample treated at 590˝C had the highest weight loss when the desired temperature was reached; the lowest weight loss was observed at 620˝C. At least two steps were present. Determination of the kinetic model showed high uncertainty caused by the very narrow range in which correlation coefficients for certain kinetic models were obtained. The highest certainty might have been related to the kinetic models A3, A4 (Avrami-Erofeev) and P2, P3, P4 (power law) with activation energies between 204 and 220 kJ¨mol´1. The kinetic models, A3 and A4, are assumed to be meaningful, since they can describe the nucleation of gas bubbles in a glass melt as the predominant process. After this first stage, the reaction rate accelerated and probably became diffusion-controlled with an activation energy of about 180 kJ¨mol´1. The change was accompanied by a rising volatilization rate as the decreasing activation energy implies. It can be assumed that the change in the reaction model was caused by changes in physical properties such as crystallization. Bubbles are commonly formed in melts when other transport mechanisms are unable to provide the mass transport required by gas evolution. The loss of lead and the rising Ca-content destabilized the glass to the point at which the glass crystallizes. At this point, nucleation stopped, caused by the low flexibility of the matrix. However, the higher rigidity of crystals also enabled the opening of cracks, gaps and pores, as well as a faster transport of gaseous products by diffusion. The crystallization of the melt might have been induced by the formation of calcium silicates, as previously observed [9] .
In order to shed light on the processes involved, the PbCl 2 volatilization from pure PbSiO 3 glass and crystalline PbSiO 3 in the presence of CaCl 2 was investigated (Figure 3b,c) . Both samples were heated rapidly from ambient to the desired temperature, since competitive reactions were not expected. The TGA plots of both amorphous and crystalline PbSiO 3 showed a behavior independent from the target temperature. From the amorphous form, two steps were identified. The first step was only observed at the lowest temperature of 580˝C, which did not allow the calculation of a kinetic data set. However, it became clear that at 580˝C the first 8 min are represented best by the kinetic models of A2, A3 or P2, P3, which is close to the findings from the CRT glass sample. After this initial step, the volatilization rate accelerated and the reaction became diffusion-controlled with an activation energy of about 190 kJ¨mol´1. Regression factors of each of the four diffusion models applied were very close and a decision could not be made. Nevertheless, the results obtained from amorphous PbSiO 3 support the findings from CRT-glass. As an alternative to a diffusion-controlled mechanism, the power law, P2/3, might be considered, with E A = 173 kJ¨mol´1 and A = 2.1ˆ10 7 min´1.
The volatilization of PbCl 2 differed significantly when crystalline PbSiO 3 is used. The volatilization rate increased by a factor of three, and after one hour the weight loss reached 24 wt% independent of the temperature, compared with 12.5 wt% at the highest temperature of 640˝C for amorphous PbSiO 3 . This behavior shows the positive effect of crystallinity on lead removal as mentioned above. It was determined that PbCl 2 volatilization proceeds as a phase-boundary controlled reaction (R3: E A = 116 kJ¨mol´1, A = 4.0ˆ10 4 min´1) or as a first order reaction (F1: E A = 117 kJ¨mol´1, A = 1.3ˆ10 5 min´1).
The kinetic investigation in the tube reactor was carried out isothermally at temperatures from 600 to 1000˝C (Figure 4 ). The best fit was achieved in the temperature range between 600 and 900˝C for a second-order reaction (F2), with E A = 101 kJ¨mol´1 and A = 4770 min´1. These values differ considerably from those derived from TGA, which might be the result of different sample holders. The coarse surface of the alumina boat used in the tube reactor might have provided crystal nuclei at the glass boundary, which might not have been present at the smooth surface of the Pt-crucibles used for TGA. The presence of additional crystallites might have caused an accelerated crystallization of the amorphous phase.
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Conclusions
The lead volatilization from CRT glass in the presence of PVC and Ca(OH)2 was investigated using TGA and a tube reactor. The reaction proceeded in 7 steps: PVC dehydrochlorination/HCl absorption, CO2 absorption, Ca(OH)2 dehydration, PbCl2 volatilization, CaCO3 decarbonation, and CaCl2 volatilization. About 68% of the chloride was absorbed by Ca(OH)2 and CaO, providing the chloride required for the volatilization of PbCl2. It can be assumed that lead and PVC were completely volatilized. However, a large amount of CaCl2 was also evaporated.
Volatilization of PbCl2 from amorphous and crystalline PbSiO4 showed strong differences in their kinetics. Volatilization of lead from crystalline PbSiO4 was enhanced, resulting in a reduced activation energy. The activation energy observed from the volatilization of PbCl2 in the tube reactor 
The lead volatilization from CRT glass in the presence of PVC and Ca(OH) 2 was investigated using TGA and a tube reactor. The reaction proceeded in 7 steps: PVC dehydrochlorination/HCl absorption, CO 2 absorption, Ca(OH) 2 dehydration, PbCl 2 volatilization, CaCO 3 decarbonation, and CaCl 2 volatilization. About 68% of the chloride was absorbed by Ca(OH) 2 and CaO, providing the chloride required for the volatilization of PbCl 2 . It can be assumed that lead and PVC were completely volatilized. However, a large amount of CaCl 2 was also evaporated.
Volatilization of PbCl 2 from amorphous and crystalline PbSiO 4 showed strong differences in their kinetics. Volatilization of lead from crystalline PbSiO 4 was enhanced, resulting in a reduced activation energy. The activation energy observed from the volatilization of PbCl 2 in the tube reactor was found to be even lower, suggesting crystallization of the glass during the process. The PbCl 2 volatilization from CRT glass strongly resembled that from amorphous PbSiO 4 , which might have been caused by the choice of sample vessel.
The results show that PbCl 2 volatilization from crystalline samples occurs faster than from amorphous samples. Furthermore, higher volatilization ratios are achieved from crystalline material compared with amorphous material. Consequently, it might be advantageous to crystallize CRT glass immediately before or during treatment in order to obtain the highest amount of PbCl 2 volatilization in the shortest time.
Supplementary Materials: Table S1 contains the information about the ratio of PbO and SiO 2 in the prepared amorphous and crystalline PbSiO 3 samples. Figure S1 shows the corresponding XRD. Table S2 lists the reaction models tested in Section 3.3 Kinetic parameters.
